In this study, the importance, the position, and the encouragements of wind energy which is a type of renewable energy in the world and in Turkey have been mentioned briefly. Also, wind turbines which have lost their importance from past to present and have been used today are discussed concisely. As the main topic of the study, the Permanent Magnet Synchronous Generator (PMSG) Direct Drive Wind Turbine has been mathematically modeled, and Back-to-back power converter was used and controlled. Then, findings of the study were supported by simulation.
Introduction *
In recent years, the demand for energy has increased quickly with the increasing of the World population and the searches for new alternative energy sources instead of the decreasing fossil fuels has become a necessity besides their popularity. Renewable energy sources are cleaner and less harmful in terms of environmental aspects and, it is also known as Green Energy in literature. In Turkey, according to the ratio of the domestic production parts, the unit price of energy purchase has been increased and the investors and industrialists are encouraged in addition to the energy purchase guarantee with the Renewable Energy Resource Support Mechanism (YEKDEM). The wind energy is the kind of renewable energy, it is defined as in [1] ; the sun is not being able to warm the atmosphere and the ground surface homogeneously. As a result, hot and cold air displaced and it caused flow in air by temperature and pressure difference.
The wind energy has been used to grind grain in mills, pump water, and generate electrical energy from past * Corresponding Author: alperulutas@yahoo.com to present. The speed of the wind and air density effectuates a kinetic energy in the wind and this kinetic energy is converted first to mechanical energy then electrical energy. Generally, energy conversion is made by wind turbine and generator, being the two indispensable main elements in energy conversion. In addition to these, wind farms are formed in such a way that the cost is most suitable considering the elements such as gearbox, converter, hydraulic unit, lubrication unit, cooling unit, transformer, etc. the requirement, advantages and disadvantages of the current conditions.
From past to present, some wind turbines have lost significance. These are; according to axis type, vertical axis turbines; according to speed, fixed speed turbines; according to generator type, Direct Current (DC) generators and squirrel cage induction generators (SCIG). Instead of them, according to axis type, horizontal axis turbine, according to speed, variable speed turbine; according to generator type, doubly fed induction generators (DFIG), wounded rotor induction generators (WRIG), wounded rotor synchronous generators (WRSG), and permanent magnet synchronous generators (PMSG) are used along with developing technology, it implements reduced costs and provided high performance and efficiency.
In this study, Direct Drive Permanent Magnet Synchronous Generator Wind Turbine was modeled and full scale Back-to-Back converter was controlled by Space Vector Pulse Width Modulation technique. Previous publications related to PMSG based variable speed wind turbine were mostly modeled by power coefficient. In fact, the turbine transmits torque to the generator and in this paper the modeling was done by torque equations instead of power and the results were verified to torque coefficient figure. Finally, the optimum torque control was implemented to assure that the tip speed ratio was constant and maximum at low wind speeds as well. By this means, the maximum power provided to grid will only depend on wind speed. This study was also supported by simulation results.
System Modeling
In this paper, Direct Drive PMSG Wind Turbine energy conversion principle scheme is shown in Figure 1 . The PMSG used in the system is directly connected to wind turbine shaft without the gearbox, consequently gearbox losses and maintenance requirements are eliminated. The presence of permanent magnets instead of excitation windings in rotor of PMSG eliminates excitation losses in generator and it operates under high torque with its multi-pole structure and slow rotor speed. The control of magnetic flux cannot be carried out directly for the reason that the PMSG does not have an excitation winding such as wound rotor synchronous generators. Therefore, the control is made with full scale Back-to-Back power converters (DC bus existing) or matrix converters (DC bus not existing) designed as using improved semiconductor technologies.
The model of PMSG without damper winding has been developed on rotor reference frame using the following assumptions:
 Stator windings are sinusoidally distributed.  The back-emf is sinusoidal.
 Eddy currents and hysteresis losses are negligible.  Magnetic saturation is neglected. While performing simulation, program MATLAB/ Simulink was utilized and "ode45" was used as the solution method.
Direct-Drive Wind Turbine Model
The power equation of wind because of kinetic energy rule due to movement of the wind is given as Eq.
(1) [2, 3] :
( 1) where; P wind (W) wind power, (kg/m 3 ) air density, A (m 2 ) swept area by blades, v wind (m/s) wind speed. However, converting all of the power taken from the wind into mechanical power is not possible. According to Betz Limit, maximum efficiency of converting is defined in Eq. (2) as below [2, 4] :
This equation identifies Betz Limit, and is shown as C P coefficient. C P value varies according to tip speed ratio and pitch angle and it is not a constant value. Therefore, the Eq. (3) is composed according to generated power by wind turbine by using Eq. 
The mechanical torque generated by turbine is transmitted to generator. Thus, torque composes rotational movement in generator.
Torque equations are shown in Eq. (7), Eq. (8) The parameters varied from C 1 to C 6 are design parameters of turbine and vary according to turbine. Figure  2 shows torque coefficient by various tip speed ratio and pitch angle. 
Permanent Magnet Synchronous Generator
The equations of PMSG in dq reference frame, obtained by park transformation are given in Eq. (13) and Eq. (14) by permanent magnets instead of excitation windings in the rotor [7] : 
where; T e (Nm) electromagnetic torque, p pole pairs.
System Controlling

Generator Side Converter Control
The generator side converter transmits non-fixed frequency current generated in PMSG, into the DC bus. Therewithal, it controls the speed of rotor by field oriented control that provides high performance. Electromagnetic torque occurred in generator is generated by I q current which is transformed to dq reference frame by park transform.
The generator side converter dq frame reference voltages are given in Eq. (16) and Eq. (17):
The detailed concept of the used 6 pieces Insulated Gate Bipolar Transistors (IGBT) Back-to-Back converter of generator side is shown in Figure 3 
Optimum Torque Control
The speed of rotor can be controlled by the optimum torque control. The electromagnetic torque in generator and I q current are linear between each other. I q reference current can be calculated by optimum torque control method.
With reference to this method, if the tip speed ratio is chosen as optimum, the value of C T torque coefficient can be achieved. Herewith, the constant values for turbine are obtained and it is given as K opt constant in Eq. (19) [8] If the optimum torque and occurred electromagnetic torque in generator are equalized, I q reference current can be acquired.
Pitch Control
The shaft of wind turbine must rotate in a permitted speed range to avoid mechanical stresses and damages in turbine and generator. Such as seen in Figure 4 the turbine operates between cut-in speed and rated wind speed at partial power, and it operates at full power between rated wind speed and cut-off speed. The turbine is at stand-by position when wind speed is less than cut-in speed and higher than cut-off speed. Generally the pitch angle of blades is 0 degree when the turbine is parking. The pitch angle varies when the wind speed is higher than rated wind speed in order to protects the turbine, and the rotor speed becomes stable [9] . 
Grid Side Converter Control
The generator side converter, converts DC voltage to grid frequency and Alternative Current (AC) voltage of grid, and it provides active and reactive power to grid. In the meantime, DC bus voltage is fixed by voltage oriented control.
The output voltages of converter dq reference frame equations are given in Eq. (21) and Eq. (22):
where; U d , U q (V) dq reference frame converter output voltages, i d , i q (A) dq reference frame converter output currents, V d , V q (V) dq reference frame grid voltages, R (Ω) resistance of grid-transformer-filter, L (H) inductance of grid-transformer-filter, (rad/s) angular frequency of grid.
The provided active and reactive power can be shown as Eq. (23) and Eq. (24):
where; P out (W) provided active power to grid, Q out (VAr) provided reactive power to grid, V dc (V) DC bus voltage, I dc (A) DC bus current. This provides active and reactive power to grid, through under controlling stability of DC bus [10] .
The grid side of space vector PWM voltage control strategy is shown as follow in Eq. (25-26):
The parameters of grid are given in Table A. 2 as appendix and the detailed concept of Back-to-Back converter used 6 pieces IGBTs of grid side is shown Figure 5 . 
Simulation Results
As a result of researches and investigations, the 800 kW wind turbine was designed and simulated as parameters of blade which are, length R = 30m, maximum power coefficient C Pmax .44, tip speed ratio max = 6.9. As can be seen in Figure 6 , the simulation has been started at initial value of v rated = 10.3 m/s which is nominal wind speed and then wind speed was increased to 13 m/s. After a few seconds, it was decreased to 7 m/s from 13 m/s, then after a while it was increased to 10.3 m/s again.
The shaft speed is fixed by pitch control at wind speed larger than the nominal wind speed in Figure 7 . In Figure 8 , when the actual speed of turbine is lower than nominal wind speed, the power coefficient is fixed at C P = 6.9 by the optimum torque control method and the power obtained from the turbine is only dependent on the wind speed, this means Maximum Power Point Tracking (MPPT) control is performed with optimum torque control. The graphic of the electromagnetic torque in generator is shown in Figure 9 . In generator mod operate of machine, the electromagnetic torque is less than zero (0), for easy understanding in Figure 9 , this value was multiplied with minus one (-1). Figure 11 , the provided active power to grid is not fluctuated due to the charging/ discharging of capacitor. In Figure 12 , three phase currents and dq currents of generator are given for first 0.5 second. Likewise, current and voltage of phase A belonging to converter and grid are given in Figure 13 and Figure 14 for first 0.5 second. As a result, the active power provided by turbine to grid is stable and the maximum power is obtained from the existing wind.
Conclusions
In this paper, the Variable-Speed Direct-Drive PMSG Wind Turbine connected to grid, was modeled as mathematical and controlled by converter. The voltages and the currents of the generator and grid was transformed to dq reference frame by park transforms. Thus, the equations of generator and grid were simplified. Simulation was performed at different wind speeds in order to show the system response. With method of optimum torque control, the shaft speed decelerated at low wind speed of rated wind speed. In this way the tip speed ratio was kept optimum, then turbine provided maximum power. The simulation results show that accuracy of the model, and applicability of the control system. 
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